Background: Type 2 diabetes mellitus (T2DM) is a complex endocrine and metabolic disorder. Recently, several genome-wide association studies (GWAS) have identified many novel susceptibility loci for T2DM, and indicated that there are common genetic causes contributing to the susceptibility to T2DM in multiple populations worldwide. In addition, clinical and epidemiological studies have indicated that obesity is a major risk factor for T2DM. However, the prevalence of obesity varies among the various ethnic groups. We aimed to determine the combined effects of these susceptibility loci and obesity/overweight for development of T2DM in the Japanese. Methods: Single nucleotide polymorphisms (SNPs) in or near 17 susceptibility loci for T2DM, identified through GWAS in Caucasian and Asian populations, were genotyped in 333 cases with T2DM and 417 control subjects.
Background
Type 2 diabetes mellitus (T2DM) is a complex endocrine and metabolic disorder. The interaction between multiple genetic and environmental factors is considered to contribute to the pathogenesis of the disease [1] [2] [3] . Most patients with T2DM suffer serious complications due to chronic hyperglycemia, including nephropathy, neuropathy, retinopathy and accelerated development of cardiovascular disease.
The prevalence of type 2 diabetes is continuing to increase in many countries, including Japan [4, 5] .
Clinical and epidemiological studies have indicated that obesity is a major risk factor for T2DM, because obesity is associated with an increased risk of developing insulin resistance and impaired glucose tolerance [6, 7] . When β-cells are no longer able to secrete sufficient amounts of insulin to overcome insulin resistance, impaired glucose tolerance progresses to T2DM [7] .
The prevalence of obesity is also increasing worldwide, although there are large ethnic differences in the degree of obesity reached. In Japan, the prevalence of severe obesity (BMI ≥ 30 kg/m 2 ) is lower than that in Western countries, where the prevalence of overweight (25 ≤ BMI < 30) adults has been steadily increasing [5, 8] . It is thought that genetically, insulin secretion compensation for insulin resistance is weaker in the Japanese than in Caucasians, and thus, being mildly overweight also conveys a risk factor for diabetes in Japan [8] . In fact, the prevalence of T2DM in the Japanese population is as high as in Western countries, although the prevalence of obesity is much lower than that seen in Caucasians [4, 5, 8, 9] .
Recently, several genome-wide association studies (GWAS) have identified many novel susceptibility genes for T2D. To date, approximately 40 susceptibility loci for type 2 diabetes have been identified [10] [11] [12] [13] [14] [15] [16] [17] . Most of these susceptibility loci were detected in Caucasians, and they have been widely confirmed to be susceptible loci for T2DM in Asian populations [17] [18] [19] [20] [21] [22] [23] . Furthermore, additional GWAS for Japanese and Chinese populations were performed and new susceptibility loci were detected [24] [25] [26] [27] [28] , some of which have also been confirmed in Caucasians as well as Asian populations [24, 25, 29] . Thus, GWAS indicate that there are common genetic causes contributing to the susceptibility to T2DM in multiple populations worldwide, although clinical risk factors, such as BMI and insulin secretion levels, vary among the various ethnic groups with different genetic backgrounds or life styles [5] . Furthermore, most of the susceptibility loci identified through GWAS to date are likely to affect insulin secretion and β-cell function, while a few are potentially involved in insulin action [30, 31] .
In the present study, we analyzed the relationships between the genotypes of 17 susceptibility loci identified by GWAS and T2DM in a Japanese population-based case-control study. We also examined the combined effect of the cumulative number of risk alleles of the T2DM and obesity/overweight for the development of T2DM.
Methods

Subjects
This is a population based case-control study. The participants for this study were recruited from Japanese who underwent a routine medical check-up at a medical center near the University of Shizuoka on 2005. We have selected men (N = 6094) under 65 years of age as subjects in this study. Of these, 378 men (6.2%) were diagnosed with T2DM by physicians according to the World Health Organization (WHO) diagnostic criteria for T2DM (http://www.who.int/diabetes/publications/diagnosis_diabetes2006/en/). Of them, 333 men were included as T2DM subjects in this study, as complete genotype information on all 17 SNPs analyzed in this study was obtained. For the control subjects, 417 men (aged 45 to 65 years) were randomly selected from all subjects according to the following criteria: (1) their fasting plasma glucose levels were under 100 mg/dl (5.6 mmol/1), (2) their HbA1c levels were under 5.8%, and (3) complete genotype information on all 17 SNPs was obtained. All subjects provided written informed consent to participate in this study, and the study was approved by the Ethics Committee of the University of Shizuoka.
After overnight fasting, blood was collected from each subject. The clinical characteristics of the subjects were determined according to the medical check-up protocol.
DNA analysis
Genomic DNA was isolated from peripheral leucocytes by the phenol extraction method. We analyzed the genotypes of 17 SNPs in or near 17 susceptibility loci for T2DM. At first, we selected 10 susceptibility loci (SLC30A8, CDKN2A/B, KCNJ11, IGF2BP2, CDKAL1, HNF1B, HHEX, FTO, TCF7L2, PPARG), which had been detected in the first stage of GWAS for Caucasian [14] , and four loci (CDC123, ADAMTS9, TSPAN8, JAFZ), which had been detected in a meta-analysis of three large GWAS [15] , because they had been confirmed in several replication studies [17] [18] [19] [20] [21] [22] [23] . In addition, three SNPs (KCNQ1, C2CD4A, UBE2E2), which were discovered in GWAS using Japanese people, were examined [24, 25, 28] . However, three loci (WFS1, NOTCH2, THADA) which were also ascertained to be associated with T2DM in the first stage GWAS or the meta-analysis of three large GWAS [14, 15] , were excluded from this analysis due to low minor allele frequencies in Japanese (< 0.03) [17, 23] . Although more and more susceptibility loci for T2DM are being identified, we have not yet examined such new susceptibility loci.
The genotypes of these 17 susceptibility loci were determined for each subject using the PCR-restriction fragment length polymorphism method. The genotype call rate for each SNP was > 95%. The genotype distributions of these 17 SNPs were in Hardy-Weinberg equilibrium (P > 0.05).
Statistical analyses
Each risk allele was defined as the allele associated with increased risk of T2DM in previous studies [23, 28] . The each allele-specific odds ratios (ORs) with 95% confidence intervals (CIs) and P-values for T2DM were calculated under the assumption of an additive model using logistic regression analysis, adjusting for age and BMI. In addition, the cumulative number of risk alleles was counted, in which individuals homozygous for nonrisk alleles were coded as 0, heterozygous individuals were coded as 1 and individuals homozygous for the risk alleles were coded as 2, with the assumption that each risk allele acted independently and contributed equally to the risk of T2DM. The effects of the cumulative number of risk alleles, BMI or obesity/overweight, and the interaction between the cumulative number of risk alleles and BMI or obesity/overweight on the prevalence of T2DM were assessed using multivariate logistic regression analysis.
Statistical analyses were performed using the JMP software package (SAS Institute, Cary, NC). The power to detect an association between each SNP and T2DM was estimated under current sample size and minor allele frequency observed in this study using "Quanto" (http://hydra.usc.edu/gxe/), assuming OR = 1.2 and α level = 0.05 (one-sided). The Cochran-Armitage test was used to examine the trend of an increase in the OR by an increasing number of the risk alleles.
Results
The characteristics of our subjects are presented in Table 1 . Of the total 6094 subjects, the prevalence of diabetes, obesity, and being overweight were 6.2%, 2.6%, and 27.0%, respectively. The BMI, blood pressure, serum triglyceride, glucose and HbA1c were higher, and HDLcholesterol was lower, in subjects with T2DM compared with control subjects.
We then analyzed the relationships between common genetic variants of 17 T2DM susceptibility loci that have been previously detected by GWAS and T2DM in Japanese men. Table 2 shows the risk allele frequencies of each SNP, and risk allele-specific OR, P-value and estimated power to detect the association, assuming OR = 1.2. The ORs and P-values were adjusted for age and BMI in a logistic regression analysis. Four risk alleles for SLC30A8, CDKN2A/B, CDC123, and KCNQ1 were significantly associated with T2DM (P < 0.05), although three of them were not significant when Bonferroni's correction for multiple testing applied (significance level, 0.05/17 = 0.0029). Of the remaining loci, except for PPARG, ADAMTS9, TSPAN8 and JAZF1, the risk allele frequencies of T2DM subjects were higher than that of control subjects, although not statistically significant.
Next, we calculated the cumulative number of these 17 risk alleles that each subject possessed. The distribution of the cumulative number of risk alleles in T2DM subjects shifted to the right compared with that of the control subjects. The mean risk allele number in T2DM subjects (16.7 ± 2.5) was significantly higher than that in control subjects (15.6 ± 2.4) (P < 0.0001, t-test) ( Figure  1 ). Multivariable regression analyses indicated that both the cumulative number of risk alleles and BMI or obesity/overweight were important predictors of T2DM (P < 0.0001). In addition, we found interactions between the cumulative number of risk alleles and BMI or obesity/overweight for developing T2DM (P = 0.0080 or P = 0.015, respectively) ( Table 3) . And the cumulative number of risk alleles was not an independent predictor of T2DM when the interaction between the number of risk alleles and obesity/overweight was incorporated in the regression model as a covariate (P = 0.81) ( Table 3 , Model 4).
To examine the relationships between an increased number of risk alleles and T2DM, we stratified the subjects into four groups by quartiles of the risk allele numbers (Q1, ≤ 14; Q2, 15, 16; Q3, 17, 18; and Q4, ≥ 19, respectively). The OR associated with each quartile group compared with the reference group (Q1) are shown in Table 4 . An increased number of risk alleles was associated with an increased risk of T2DM (P < 0.0001 for trend).
Furthermore, to test for an interaction between the number of risk alleles and obesity/overweight on T2DM risk, we divided the subjects into two groups; the obese/ overweight group (BMI ≥ 25 kg/m 2 ) and the non-obese group (BMI < 25 kg/m 2 ). Significant association between an increased number of risk alleles and an increased risk of T2DM was observed only in the non-obese group (P < 0.0001 for trend), and not in the obese/overweight group (P = 0.88 for trend) ( Table 4 ). In addition, we analyzed the association between obesity/overweight and T2DM according to quartiles of the risk allele numbers. Obesity/overweight was a strong predictor of T2DM in our Japanese subjects (P < 0.0001), however, for the subjects in Q3 and Q4 (≥ 17 risk allele), obesity/overweight was not a significant risk factor for T2DM (P > 0.05) ( Table 5 ). These findings indicate that there is an etiological heterogeneity of T2DM between obese/overweight and non-obese subjects.
Discussion
In this population-based case-control study, we have shown that the cumulative number of risk alleles based on 17 susceptibility loci for T2DM, identified through GWAS in Caucasian and Asian populations, was a significant risk factor in a Japanese population, although The number of risk alleles Frequency Figure 1 Distribution of the cumulative number of risk alleles of 17 T2DM susceptibility loci in T2DM and control subjects. the effect of each risk allele was relatively small. Obesity is a very important risk factor for T2DM, however, many obese people do not develop T2DM, while many non-obese people do. In our population-based study, 9.5% of subjects in the obese/overweight group, and 4.7% of subjects in the non-obese group, had T2DM (data not shown). Impaired insulin resistance and insulin secretion are key determinants of T2DM development. It is well known that insulin resistance is associated with obesity, but insulin secretion is not affected by body constitution [2, 7] . The possibility of etiological heterogeneity of T2DM between obese/overweight and non-obese subjects cannot be overlooked. In fact, a significant association between an increased number of risk alleles and an increased risk of T2DM was observed only in nonobese group (P < 0.0001 for trend), and an increased number of risk alleles was not a significant risk factor Model 1 included the number of risk alleles, BMI and age as covariates Model 2 included the number of risk alleles, BMI, age and the interaction between the number of risk alleles and BMI as covariates Model 3 included the number of risk alleles, obesity/overweight and age as covariates Model 4 included the number of risk alleles, obesity/overweight, age and the interaction between the number of risk alleles and obesity/overweight as covariates SE standard error Table 4 Relationships between increased number of risk alleles and T2DM
Quartiles of risk alleles
All subjects (n = 750)* Obese/overweight (n = 243)** Non-obese (n = 507)** n n n T2DM Control OR (95% CI) P-value T2DM Control OR (95% CI) Pvalue T2DM Control OR (95% CI) P-value *ORs and P-values on T2DM for all subjects were adjusted with age and BMI **ORs and P-values on T2DM for obese/overweight and non-obese subjects were adjusted with age for subjects in the obese/overweight group in this study (P = 0.88 for trend). However, the power of our study is insufficient to detect positive association in obese/overweight group due to the small sample size. It is necessary to confirm these finding in another large population. It was reported previously that risk alleles affecting insulin action more significantly increase T2DM susceptibility in obese individuals, while risk alleles affecting insulin secretion confer a T2DM risk in non-obese individuals [32] . Most of the susceptibility loci analyzed in the present study appear to influence β-cell function, such as insulin secretion or β-cell proliferation, which reasonably explains why the association between an increased number of risk alleles and an increased risk of T2DM was observed only in our non-obese subjects. Furthermore, it is possible that the ability of insulin secretion is weak for subjects with an increased number of risk alleles. Unfortunately, we were unable to examine serum insulin levels of our subjects, and thus, the relationship between an increased number of risk alleles and insulin secretion in our subjects remains unclear. Further examination is required to determine β-cell function in our subjects.
Recently, several studies indicates the cumulative number of risk alleles is an important risk factor for T2DM in Asian population [20, 22, 33] , moreover there is increasing interest that knowledge about genetic risk factors may be used to predict the risk of complex disorders such as T2DM [20, 22, [33] [34] [35] . Our data indicate that both the cumulative number of risk alleles and obesity/overweigh are important risk factors for T2DM, but that obesity/overweight is not a significant risk factor of T2DM in subjects with many risk alleles (Q3 and Q4; risk allele number ≥ 17). Most T2DM patients in Japan are characterized by a low BMI, it might be useful for Japanese population to count the number of risk alleles of susceptible loci to improve identification of high-risk subjects. However, our study is a population-based case-control study; therefore, we are unable to determine the predictive power of such susceptibility loci. Further prospective studies are required to translate such knowledge about genetic risk factors into clinical practice for prediction and prevention of T2DM in the general population.
Conclusions
We have shown that the cumulative number of risk alleles based on 17 susceptibility loci for T2DM, identified through GWAS in Caucasian and Asian populations, was a significant risk factor in a Japanese population, although the effect of each risk allele was relatively small. In addition, the association between an increased number of risk alleles and an increased risk of T2DM was observed only in non-obese group, and not in obese/overweight group. These data indicate that there is an etiological heterogeneity of T2DM between obese/overweight and non-obese subjects. In future, knowledge about genetic risk factors might be used in clinical practice for prediction and prevention of T2DM in the general population. ORs and P-values were adjusted with age
